Cieslik EC, Zilles K, Kurth F, Eickhoff SB. Dissociating bottom-up and top-down processes in a manual stimulus-response compatibility task. J Neurophysiol 104: 1472-1483 , 2010 . First published June 23, 2010 doi:10.1152/jn.00261.2010. Speed and accuracy of motor responses to lateralized stimuli are influenced by the spatial overlap between stimulus location and required response. Responses showing high spatial overlap with peripheral cues benefit from a bottom-up driven enhancement of attention to the respective location, whereas low overlap requires top-down modulated reorienting of resources. Here we investigated the interaction between these two processes using a spatial stimulus-response compatibility task. Subjects had to react to lateralized visual stimuli with a button press using either the ipsilateral (congruent condition) or the contralateral (incongruent condition) index finger. Stimulus-driven bottom-up processes were associated with significant contralateral activation in V5, the intraparietal sulcus (IPS) and the premotor cortex (PMC). Incongruent versus congruent responses evoked significant activation in bilateral IPS and PMC, highly overlapping with the activations found for stimulusdriven bottom-up processes, as well as additional activation in bilateral anterior insula and right dorsolateral prefrontal cortex (DLPFC) and temporoparietal junction (TPJ). Moreover, a region anterior to the bottom-up driven activation in the IPS was associated with top-down modulated directionality-specific reorienting of motor attention during incongruent motor responses. Based on these results, we propose that stimulus-driven activation of contralateral IPS and PMC represent key neuronal substrates for the behavioral advantage observed when reacting toward a congruently lateralized stimulus. Additional activation in bilateral insula and right DLPFC and TPJ during incongruent responses should reflect top-down control mechanisms mediating contextual (i.e., task) demands. Furthermore, this study provides evidence for both overlapping and disparate substrates of bottom-up and top-down modulated attentional processes in the IPS.
I N T R O D U C T I O N
Spatial stimulus-response compatibility (SRC) refers to the psychological phenomenon that an overlap of spatial properties between stimuli and responses leads to faster and more accurate responses (Fitts and Seeger 1953) . A classical example of spatial SRC is the antisaccade task introduced by Hallett (1978) . In this task the subject is instructed to fixate a central position and, after presentation of a peripheral target, to perform a saccade away from the target to a mirror symmetrical position. Subjects are usually slower and less accurate when generating these antisaccades, compared with prosaccades, i.e., saccades toward the stimulus (Hallett 1978; Munoz and Everling 2004) . Studies investigating SRC using manual responses yielded similar results (Proctor and Reeve 1990) . Subjects show faster reaction times (RTs) and higher accuracy when instructed to respond to a lateralized stimulus with the ipsilateral hand (congruent condition), compared with a situation when they have to respond with the contralateral hand (incongruent condition).
In the cognitive literature of SRC, there is general agreement that two response selection processes contribute to performance in a spatial SRC task, depending on the dimensional overlap between stimulus and response (Kornblum et al. 1990 ). In particular, a direct response selection process is the result of a reflexive attentional orienting toward the location of a stimulus presented outside the current attentional focus. This process then leads to a facilitation of the congruent response (Eimer et al. 1995; Rubichi et al. 1997; Sheliga et al. 1997) . In contrast, incongruent responses require an indirect task-dependent response selection process including inhibition of the automatic response facilitated by the reflexive reorientation, endogenous reorienting of attentional properties to the opposite side, and volitional response initiation (Munoz and Everling 2004; Nee et al. 2007; Reuter et al. 2010) .
According to the influential model by Corbetta and Shulman (2002) attentional processes are controlled by two interacting networks. A bilateral dorsal frontoparietal network is formed by the dorsal parietal cortex and the dorsal frontal cortex, in particular the frontal eye fields (FEFs) and the dorsal premotor cortex (dPMC). In contrast, the ventral frontoparietal network is composed of the temporoparietal junction (TPJ) and the ventral frontal cortex, including parts of the middle frontal gyrus (MFG), inferior frontal gyrus (IFG), frontal operculum, and anterior insula. Later, Corbetta and collegues (2008) proposed that the dorsal network is responsible for directing attention to sensory stimuli and their locations as a prerequisite for looking or acting toward these. In contrast, the ventral network was hypothesized to be involved in higher-order cognitive processes, such as shifts in task sets, expectations, reward contingencies, and arousal.
Several lines of evidence for differential involvement of the frontoparietal network for stimulus-driven and context-dependent eye movements have been investigated in great detail with human neuroimaging studies as well as electrophysiological recordings in monkeys using the pro-/antisaccade task (e.g., Munoz and Everling 2004; Reuter et al. 2010 ). In contrast, imaging studies investigating the functional anatomy of the compatibility effect for hand movements have mostly focused on the effect of interference resolution during incongruent responses. These studies have consistently found increased activation in the dPMC and superior parietal cortex extending into the intraparietal sulcus (IPS) when contrasting incongruent with congruent conditions (Dassonville et al. 2001; Iacoboni et al. 1996 Iacoboni et al. , 1998 Schumacher and D'Esposito 2002; Schumacher et al. 2003) . Thus it has been hypothesized that the parietal cortex is associated with the representation of the stimuli position, whereas the dPMC may use this information to program a context-dependent motor response. Besides activation of this premotor-intraparietal network, some studies also showed increased activation in the right dorsal prefrontal cortex during incongruent responses (Schumacher and D'Esposito 2002; Schumacher et al. 2003) . This region has been proposed to exert a mediating or modulatory role on the abovementioned frontoparietal network, controlling that appropriate responses are given in the (incongruent) task context.
Although several neuroimaging studies on manual stimulusresponse compatibility have thus focused on the neural correlates of interference resolution during incongruent responses, to the best of our knowledge, there is no functional magnetic resonance imaging (fMRI) study that focused on the differentiation between stimulus-driven reflexive orientation (as the substrate of behavioral facilitation), context-dependent topdown effects independent of direction, and directionally specific reorientation effects. To investigate commonalities and differences between these processes, we performed a spatial SRC experiment in which subjects were instructed to respond to lateralized visual stimuli with the ipsilateral (congruent) or contralateral (incongruent) hand. The focus of our analysis was to characterize the two different aspects of attentional reorienting. On one hand, we investigated which brain areas were associated with reflexive, stimulus-driven orienting toward the target stimulus-i.e., bottom-up driven processes. On the other hand, we aimed at identifying those regions enabling the task-dependent reallocation of attention in the incongruent condition-i.e., top-down modulated reorienting.
M E T H O D S

Subjects
We examined 24 healthy volunteers (age range: 20 to 59 yr, mean age: 29 yr; 11 females) without any record of neurological or psychiatric disorders and normal or corrected-to-normal vision. All subjects gave informed written consent to the study protocol, which had been approved by the local ethics committee of the University of Aachen. Right-hand dominance of the participants was established by means of the Edinburgh handedness inventory (Oldfield 1971) , which yielded a mean laterality quotient (LQ) of 88.6 (SD:16.1).
Experimental protocol
Participants were instructed to respond as fast and correctly as possible to briefly presented (200 ms) lateralized (ϳ11°eccentricity) target stimuli (red dot) by pressing a button on an MRI-compatible response pad (LumiTouch, Burnaby, Canada) according to the task condition:
Congruent condition. Subjects were instructed to respond with the ipsilateral hand, i.e., pressing with their left index finger to a left-sided stimulus (CL) and with their right index finger to a right-sided stimulus (CR).
Incongruent condition. Subjects were instructed to respond with the contralateral hand, i.e., pressing with their left index finger to a right-sided stimulus (ICL) and with their right index finger to a left-sided stimulus (ICR; note that L and R always indicate the respective response hand and not the stimulus side).
Visual stimuli were presented using a presentation software package (Version 11.3) and were displayed on a custom-built, shielded thin-film transistor screen at the rear end of the scanner visible via a mirror mounted on the headcoil (ϳ12 ϫ 8°viewing angle, 245 mm distance from the subject's eyes). During the experiment, task blocks were periodically alternated with rest periods ("baseline") lasting 17-23 s (uniformly jittered). Each task block started with an instruction being presented for 500 ms, which informed the subject which of the two experimental conditions (ipsilateral/contralateral response) had to be performed in the upcoming block. Regardless of the condition, between 13 and 16 events per block (randomized 50% left-sided stimulus/50% right-sided stimulus, number of events randomized to avoid anticipation effects) were presented. The interstimulus interval (ISI) was uniformly jittered between 2 and 4.5 s. That is, we used a mixed design with blocked task instructions (congruent/ incongruent), but event-related stimulus presentation (left/right). By jittering the ISI within the blocks, events entailing left-and right-sided stimuli could be separated from each other statistically, allowing analysis of side-specific neuronal responses in each experimental condition (CL, CR, ICL, ICR).
In the course of the entire experiment, each of the two conditions (congruent, incongruent) was presented in 18 individual blocks. The order of the ensuing 36 blocks was pseudorandomized and counterbalanced across subjects.
Reaction times Ͻ150 or Ͼ1600 ms were regarded, respectively, as anticipation errors and missing responses and discarded from the later analysis.
Behavioral data analysis
The behavioral measurements taken during the fMRI experiment were analyzed off-line using MATLAB (The MathWorks, Natick, MA). The effects of experimental factors (condition: congruent/ incongruent; stimulus side: left/right) on mean reaction time and percentage of correct responses were compared by a repeated-measures ANOVA (rmANOVA). If the effect of a factor was significant, pairwise comparison was performed by a t-test (P Ͻ 0.05, corrected for multiple comparisons using Tukey's procedure).
Functional magnetic resonance imaging
Images were acquired on a Siemens Trio 3T whole-body scanner (Erlangen, Germany) using blood oxygenation level dependent (BOLD) contrast (gradient-echoplanar imaging [EPI] pulse sequence, repetition time [TR] ϭ 2200 ms, in-plane resolution ϭ 3.1 ϫ 3.1 mm, 36 axial slices, 3.1 mm thickness) covering the whole brain. Image acquisition was preceded by four dummy images allowing for magnetic field saturation. These were discharged prior to further processing. Images were analyzed using SPM5 (www.fil.ion.ucl.ac.uk/spm). First, the EPI images were corrected for head movement by affine registration using a two-pass procedure, by which images were initially realigned to the first image and subsequently to the mean of the realigned images. After realignment, the mean EPI image for each subject was spatially normalized to the Montreal Neurological Institute (MNI) single-subject template using the "unified segmentation" approach (Ashburner and Friston 2005) . The resulting parameters of a discrete cosine transform, which define the deformation field necessary to move subject data into the space of the MNI tissue probability maps, were then combined with the deformation field transforming between the latter and the MNI single-subject template. The ensuing deformation was subsequently applied to the individual EPI volumes that were hereby transformed into the MNI single-subject space and resampled at 2 ϫ 2 ϫ 2 mm 3 voxel size. The normalized images were spatially smoothed using an 8-mm full width at half maximum Gaussian kernel to meet the statistical requirements of the general linear model (GLM) and to compensate for residual macroanatomical variations across subjects.
Statistical analysis
The fMRI data were analyzed using a GLM as implemented in SPM5. Each experimental condition (CL, CR, ICL, ICR) was modeled using a series of stick functions denoting the individual events. These were then convolved with a canonical hemodynamic response function and its first-order temporal derivative. Low-frequency signal drifts were filtered using a cutoff period of 128 s. Parameter estimates were subsequently calculated for each voxel using weighted least squares to provide maximum likelihood estimators based on the temporal autocorrelation of the data (Kiebel et al. 2003) . No global scaling was applied. For each subject, simple main effects for each experimental condition were computed by applying appropriate baseline contrasts. These individual first-level contrasts were then fed to a second-level group analysis using an ANOVA (factor: condition; blocking factor: subject) using a random-effects model. In the modeling of variance components, we allowed for violations of sphericity by modeling nonindependence across images from the same subject and allowing unequal variances between conditions and subjects using the standard implementation in SPM5. Simple main effects of each event type (vs. the resting baseline) as well as comparisons between experimental factors were tested by applying appropriate linear contrast to the ANOVA parameter estimates. When testing for comparisons between experimental conditions, we used the minimum conjunction analysis (Nichols et al. 2005 ) over the differential contrast and the main effect, to ensure that we detected only task-positive effects. With the minimum conjunction analysis, as implemented in SPM5, voxels are declared active in the conjunction analysis only if they pass the statistical threshold in each of the separate contrasts contributing to the conjunction.
For instance, to detect regions specifically associated with increased activation in the incongruent condition, we performed a conjunction analysis over the differential contrast between incongruent versus congruent conditions (ICL ϩ ICR vs. CL ϩ CR) and the composite main effect of the incongruent condition (ICL ϩ ICR). Thereby we ensured that only those voxels were considered active that showed significantly higher activation in the incongruent compared with the congruent condition and, furthermore, were significantly activated (relative to resting baseline) in the incongruent condition. The resulting statistical parametric T-maps [SPM(T)] were then thresholded at P Ͻ 0.05 (cluster-level corrected) and anatomically localized using version 1.5 of the SPM Anatomy toolbox (Eickhoff et al. 2005  www.fz-juelich.de/ime/spm_anatomy_toolbox).
Furthermore, to make sure that both conditions of the composite main effect for incongruency (ICR and ICL) contributed to the observed effect, we inclusively masked with each simple main effect. That is, for the detection of regions associated with the increased activation in the incongruent condition, we inclusively masked the contrast described earlier with the simple main effect of each incongruent condition, that is ICL and ICR, on a P Ͻ 0.05 uncorrected level. Hereby voxels driven by only one of the two incongruency conditions (but inactive or even deactivating in the other) were removed from contributing to the significant results.
R E S U L T S
Behavioral data
Percentages of correct responses and mean RTs measured during scanning are summarized in Fig. 1 . SE values represent between-subjects variability for the respective conditions. In the accuracy of responses and RTs we found a significant main effect of condition (congruent and incongruent). Responses were significantly more accurate [F (1,69) ϭ 40.13, P Ͻ 0.01] and RTs significantly faster [F (1,69) ϭ 318.28, P Ͻ 0.01] under the compatible compared with the incompatible condition as revealed by rmANOVA.
For a further characterization of the incongruency effect, we correlated the incongruency costs (mean RT toward incongruent stimuli Ϫ mean RT toward congruent stimuli) of all subjects, with their individual mean reaction time in the congruent condition. This analysis revealed a significant positive correlation between reaction time and incongruency cost (r ϭ 0.572; P Ͻ 0.004). That is, subjects who responded faster in the congruent condition were also less affected by the incongruent condition. To assess whether subjects traded speed for accuracy in the incongruent condition, we further correlated the incongruency costs with the error rate in the incongruent condition. We found that subjects showing smaller incongruency costs also had a higher error rate in the incongruent condition. Thus we indeed found evidence for a trade-off between speed and accuracy.
Imaging data
GENERAL TASK EFFECTS. In a first step, we wanted to investigate brain regions associated with the general task demands independent of a congruent or incongruent condition. These included detection of the target stimuli and planning as well as initiating of an appropriate motor response. Brain regions associated with the general task demands were delineated by the composite main effect of all experimental conditions [CL ϩ CR ϩ ICL ϩ ICR] (P Ͻ 0.05 cluster level corrected). To ensure that all four conditions contributed to the taskpositive effect, we additionally inclusively masked this contrast with the simple main effects for each condition on a P Ͻ 0.001 uncorrected level. Uncorrected thresholding was used for the masking contrasts because these were intended to constrain only the main analysis to those voxels, where all four individ- ual conditions showed activation higher than baseline. Compared with the remaining contrasts, where we always masked on a P Ͻ 0.05 uncorrected level, here we used a more conservative masking threshold. The reason for this was that when looking for the general task effect, we used the composite main effect of all experimental conditions versus the baseline condition. Evidently, however, these baseline contrasts result in much more extended activations than those of the relative contrasts used in the other analyses. Consequently, masking at P Ͻ 0.05 would have resulted in vast activations, yielding little to no localizing precision.
The statistical inference, however, was based on the composite main effect and assessed at P Ͻ 0.05 after correction for multiple comparisons.
This analysis revealed significant activation in bilateral dPMC (Area 6, 42, Ϫ3, 51 and Ϫ32, Ϫ9, 48), the medial supplementary motor area (SMA) extending into the pre-SMA (Ϫ4, 3, 48), the right TPJ (63, Ϫ39, 15), as well as activation in the cerebellum (0, Ϫ70, Ϫ15; 34, Ϫ54, Ϫ32; Ϫ34, Ϫ52, Ϫ33) and the right caudate nucleus (18, 2, 15) (Fig. 2) .
BOTTOM-UP PROCESSES. A main focus of this experiment was the delineation of brain areas associated with stimulus-driven orienting of attention toward the respective stimulus side. To investigate brain regions related to left stimulus-driven bottom-up processes, independent of the subsequent motor response, we used the following approach. We performed a conjunction analysis over the composite main effect for leftsided stimuli (CL ϩ ICR) and the differential contrast between the composite main effect for left-sided stimuli and congruent responses to right-sided stimuli [(CL ϩ ICR) vs. 2 ϫ CR; P Ͻ 0.05, cluster level corrected]. The motivation for the first component of this conjunction was that it delineates those voxels that show a higher activity in those trials where leftsided stimuli were shown relative to baseline. That is, all voxels declared active have to show true task-positive activation, whereas, e.g., relative deactivations were not considered. The latter component then tests, where these effects are significantly higher than those related to right stimulus presentation and response, removing, e.g., effects uniformly related to task performance per se. However, we did not include incongruent responses to right-sided stimuli (ICL) in this contrast, even though these evidently also entailed right-sided stimulation. The reason behind this omission was that incongruent left-hand responses required subjects to endogenously reorient spatial attention from the right side to the left side. Consequently, inference on the neural substrates of exogenous reorientation to the left side may be confounded by these top-down mechanisms.
To ensure that both conditions for left-sided stimuli contributed to this effect, we inclusively masked this contrast with the simple main effects for left-sided stimuli, CL and ICR, on a P Ͻ 0.05 uncorrected level. Again, thresholding for the masking contrasts was performed at an uncorrected level to constrain the main analysis without losing sensitivity. The statistical inference based on the conjunction analysis, in contrast, was performed at P Ͻ 0.05, corrected for multiple comparisons.
In summary, the performed conjunction therefore tests for regions where 1) presentation of left-sided stimuli evoked significant activation, 2) both individual conditions (CL and ICR) showed a positive response, and 3) activation was greater than that for right-sided stimulus presentation.
Stimulus-driven bottom-up processes for left lateralized stimuli were associated with contralateral activation in Area V5 (V5, 45, Ϫ69, 4), the premotor cortex (PMC) around the dPMC and FEF (Area 6, 36, Ϫ12, 52), and the IPS (hIP3, 32, Ϫ50, 46) as shown in Fig. 3A . Ipsilateral activation was observed in the cerebellum (Ϫ6, Ϫ52, Ϫ12).
The equivalent contrast for right stimulus-driven bottom-up processes-i.e., {(CR ϩ ICL) പ [(CR ϩ ICL) vs. 2 ϫ CL], P Ͻ 0.05 cluster level corrected, inclusively masked with CR and ICL on a P Ͻ 0.05 uncorrected level}-revealed significant activation in contralateral V5 (V5, Ϫ50, Ϫ69, 6), the PMC around the dPMC and FEF (Area 6, Ϫ42, Ϫ14, 51) and the IPS (hIP3, Ϫ28, Ϫ52, 50) (Fig. 3B) . Ipsilateral activation was found in the cerebellum (9, Ϫ56, Ϫ10). Moreover, we did find significant activation in contralateral anterior insula (Ϫ34, 2, Ϫ8).
Top-down processes
GENERALIZED TOP-DOWN EFFECTS INDEPENDENT OF DIRECTION. Incongruent responses required the subject to inhibit the reflexive tendency to use the congruent hand, reorient attention to the opposite side, and initiate the incongruent motor response. To investigate areas associated with the computational load required by these processes, we performed a conjunction analysis over the composite main effect of incongruent responses and the differential contrast between incongruent versus congruent responses, i.e., (ICL ϩ ICR) പ (ICL ϩ ICR vs. CL ϩ CR), P Ͻ 0.05 cluster level corrected. This conjunction was motivated by our aim to identify those regions that were significantly activated by the performance of incongruent responses and, at the same time, were significantly more strongly activated under these conditions than during the performance of congruent responses. To ensure that both incongruent responses with both the left hand and the right hand contributed FIG. 2. The general task network (i.e., regions consistently activated across all conditions). This included bilateral dorsal premotor cortex (dPMC), medial supplementary motor area (SMA), and right temporoparietal junction (TPJ). Moreover, the right nucleus caudatus and the bilateral cerebellum showed significant activation. All activations are shown on a P Ͻ 0.05 (cluster-level corrected) level.
to this effect, we further masked this contrast inclusively with ICL and ICR on a P Ͻ 0.05 uncorrected level-i.e., only those regions where both conditions requiring incongruent responses showed a positive response (activity higher than that at resting baseline) were considered in the main analysis performed, including correction for multiple comparisons. Significantly higher activation for incongruent compared with congruent trials (Fig. 4) was found bilaterally in the anterior IPS (hIP3, 32, Ϫ50, 46 and Ϫ32, Ϫ45, 45), PMC around the dPMC and FEFs (Area 6, 26, Ϫ6, 50 and Ϫ30, Ϫ8, 52), and the anterior insula (52, 18, Ϫ4 and Ϫ36, 20, Ϫ2) . Right lateralized activation was found in the dorsolateral prefrontal cortex (DLPFC) (38, 45, 22) and TPJ (Area PFm, 60, Ϫ44, 24). Finally, we observed activation in the pre-SMA extending into the cingulate motor cortex (Area 6, 3, 14, 48) and activation in the cerebellum (Ϫ4, Ϫ78, Ϫ32).
Brain regions associated not only with left stimulus-driven bottom-up effects but also with generalized top-down effects were identified by a conjunction analysis across the respective contrasts, i.e., {(
, P Ͻ 0.05 cluster level corrected. This analysis revealed common involvement of right IPS (32, Ϫ50, 46) and right PMC (28, Ϫ4, 64) (Fig. 5A) . The equivalent conjunction analysis across right-sided bottom-up effects and generalized top-down effects conversely revealed significant activation of the left IPS (Ϫ30, Ϫ50, 46) and PMC (Ϫ30, Ϫ8, 48) (Fig. 5B) .
DIRECTIONALLY SPECIFIC EFFECTS. We also investigated which brain regions were associated with the differential (i.e., sidespecific) reorienting of attention in the incongruent condition. In the ICL condition, subjects had to endogenously reorient from the right stimulus side to the opposite side to be able to respond incongruently with the left hand. To isolate brain regions that were specifically associated with the reorienting of attention from the right side to the left side, we used the following approach. We performed a conjunction analysis over incongruent left-hand responses and the contrasts between incongruent left-hand responses and each other experimental condition [ICL പ (ICL vs. CL) പ (ICL vs. CR) പ (ICL vs. ICR)], P Ͻ 0,05 cluster level corrected. That is, we aimed at identifying brain regions not only significantly activated (relative to baseline) by endogenous reorientation to the left side but also significantly stronger in that condition as in any other. Because the reorienting from the right side to the left side was the only thing that was specific for the ICL condition compared with the three other conditions, this rather conservative contrast thus allows isolation of directionally specific top-down processes.
As shown in Fig. 6A this analysis revealed significant activation in the junction between right postcentral sulcus   FIG. 3. A and B: the pattern of activity for leftand right-sided stimulus-driven bottom-up effects. Stimulus-driven bottom-up effects were found in V5, intraparietal sulcus (IPS), and premotor cortex (PMC) contralateral to the stimulus side. Moreover, right-sided stimuli evoked additional activation in anterior insula. All activations are shown on a P Ͻ 0.05 (cluster-level corrected) level. and IPS (hIP2, 36, Ϫ40, 42) and in the left cerebellum (Ϫ15, Ϫ46, Ϫ16).
We also performed the equivalent contrast for differential reorienting of attention from the left to the right side during incongruent right hand responses (Fig. 6B ). This contrast revealed the hypothesized activation in the corresponding left IPS (hIP2, Ϫ28, Ϫ45, 48). This activation was significant when correcting for multiple comparisons in a spherical VOI (8 mm radius) based on the IPS coordinates reported in Vogt et al. (2007) .
Dissociation of bottom-up and top-down processes in IPS
To further dissociate stimulus-driven bottom-up processes for left-and right-sided stimuli and top-down modulated directionality-specific reorienting of attention during incongruent responses, we overlayed these contrasts and compared them with the histological organization of the IPS (Choi et al. 2006; Scheperjans et al. 2008a,b) . As shown in Fig. 7 this analysis revealed a functional and anatomical separation of bottom-up and top-down modulated reorienting in the IPS. Whereas bottom-up effects evoked activation in the middle part of the contralateral IPS (hIP3), top-downdriven reorienting of attention during incongruent responses was associated with activation in a more anterior part of the IPS (hIP2).
D I S C U S S I O N
We used fMRI to investigate bottom-up driven and topdown modulated attentional reorienting in a spatial SRC paradigm. Both processes evoked activation in a dorsal frontoparietal network, especially the dPMC and the IPS. In the latter region, overlapping as well as (functionally and anatomically) dissociated effects were observed. Incongruent responses were additionally associated with significantly higher activation in a more ventral network consisting of bilateral anterior insula, right TPJ and DLPFC as well as increased activation in the pre-SMA.
Behavioral data
The observed reaction-time difference between congruent and incongruent responses is in accordance with previous data on similar paradigms. Most studies reported an increase in RTs of 40 to 80 ms when subjects had to react incongruently to a lateralized visual stimulus (Iacoboni et al. 1996; Matsumoto et al. 2004; Proctor and Reeve 1990 ). These differences are deemed to reflect the extra computational load associated with the inhibition of the reflexive answer and the generation of the appropriate incongruent response.
Further assessment of individual differences in reaction times revealed that congruent and incongruent RTs were significantly correlated. Moreover, subjects who responded faster in the congruent condition also showed significantly smaller incongruency costs. These results highlight the influence that subject-specific factors-i.e., personal traits such as the overall visuomotor processing speed-have on the performance of the SCR task in addition to the omnipresent incongruency effect.
Imaging data
GENERAL TASK NETWORK. The general task network refers to areas consistently activated throughout all conditions, i.e., the bilateral dPMC, the medial SMA, the right TPJ, as well as the cerebellum and the right nucleus caudatus (Fig. 2) . These regions thus seemed to be associated with the general cognitive demands of this task, i.e., not only target detection but also planning and initiating of a context-dependent motor response with the respective hand.
This general task network highly parallels activations found in another study of our group in which subjects were instructed to respond to arrows with the corresponding hand while the direction and timing of the arrows were varied independently (Jakobs et al. 2009 ). The dPMC is known to play a crucial role in linking spatial encoding of targets with movement plans and implementation of stimulus response mapping in the context of reactive behavior (Chouinard and Paus 2006; Chouinard et al. 2005; Halsband and Passingham 1985) . In a comparison of the present findings with previous reports on pro-/antisaccade paradigms, it appears that the dPMC activations observed in our experiment might include parts of what is usually referred to as the FEFs. These regions are considered to be key structures for voluntary control of saccadic eye movements (Connolly et al. 2002; Cornelissen et al. 2002) in tasks similar to the manual paradigm used here. Moreover, they have also been shown to be activated by visually guided pointing to the extent that an experiment trying to separate activations for saccade-and hand-specific antimovements in healthy subjects showed high overlap in prefrontal and parietal regions (Connolly et al. 2000) . The question thus arises how specific the systems in the posterior part of the superior frontal sulcus and adjacent precentral gyrus are for the control of hand versus eye movements or whether they may be part of a generalized action-based spatial orientation system.
The SMA, on the other hand, has been known to be involved in the initiation of internally as well as externally triggered movements (Nachev et al. 2008) , exerting context-specific influence on the motor cortices (Grefkes et al. 2008) . Finally, the nucleus caudatus and more generally the basal ganglia are constituents of cortical-subcortical loops for movement preparation and action selection (Jueptner and Krukenberg 2001; Middleton and Strick 2000) .
We therefore propose that these regions are involved in the planning and preparation of the accurate motor response. This interpretation is well in line with a study trying to separate the volitional generation component from inhibitory processes in the antisaccade task (Reuter et al. 2010) . These authors found the FEFs and supplementary eye field (SEF) to be specifically involved in the preparation component of volitional saccades generation, suggesting that the neural components for generation and inhibition of saccades are independent to a large extent.
In contrast to these action-related regions, the temporoparietal junction has been proposed to be part of a right-lateralized ventral attention network (Corbetta and Shulman 2002; Corbetta et al. 2008 ) specialized toward the detection of behaviorally relevant stimuli (Himmelbach et al. 2006; Jakobs et al. 2009; Karnath and Dieterich 2006; Macaluso et al. 2002) . Increased activity in the right TPJ has been observed, independently of the sensory modality, when subjects have to break their current attentional set to reorient to task-relevant stimuli (Astafiev et al. 2006; Corbetta and Shulman 2002; Corbetta et al. 2000 Corbetta et al. , 2005 Kincade et al. 2005) . The TPJ may thus be regarded as a computational hub integrating both sensory bottom-up information and top-down-mediated task demands ( When looking for regions associated with the actual motor output-that is, side-specific motor responses-we found increased activation in regions related to movement execution, such as SMA, M1, and the basal ganglia contralateral to the respective respond hand (Supplemental Fig. S1 ).
1 Moreover, ipsilateral activation was found in the cerebellum.
BOTTOM-UP PROCESSES. Stimulus-driven bottom-up processing of the peripheral cue evoked activation in the visual cortex (including Area V5), the intraparietal sulcus (IPS), and the premotor cortex (PMC) around the dPMC and FEF (dPMC/ FEF) contralateral to the stimulus side.
Area V5 is a motion-sensitive region (Corbetta et al. 1991; Malikovic et al. 2007; Zeki et al. 1991) known to respond to fast changes in the visual field such as the briefly presented stimuli used here. Activation in this region should thus reflect sensory processing and, in particular, spatial identification of the visual cue.
The IPS and the dPMC/FEF have consistently been associated with overt and covert attentional reorienting (Nobre 2001) and conceptualized to form a dorsal frontoparietal attention network (Corbetta and Shulman 2002; Corbetta et al. 2008) . Among these, the dPMC/FEF is considered to reflect motor attention, i.e., the automatic preparation of motor responses to an attended location in space (Cisek and Kalaska 2005; Jackson and Husain 1996; Rosen et al. 1999) . In contrast to the more action-related role of the PMC, the posterior parietal cortex and, in particular, the IPS is involved in coding space and in directing spatial attention (Bremmer et al. 2001; Colby and Goldberg 1999; Corbetta and Shulman 2002; Halligan et al. 2003; Nobre 2001) . Here, we found the significant contralateral IPS activation for stimulus-driven bottom-up processes to be located in area hIP3, the human homologue of the monkey medial intraparietal area (MIP), which receives input 1 The online version of this article contains supplemental data. from extrastriate visual areas (Cavada 2001; Felleman and Van Essen 1991) and is also directly connected with the dPMC (Colby and Duhamel 1991; Galletti et al. 1996; Rizzolatti et al. 1998) . Because this region thus lies in a unique position for linking sensory input with motor responses, it has been proposed that MIP contributes to the construction of spatial target representations that can be used by the dPMC/FEF for computing a respective movement vector (Cohen and Andersen 2002) .
We therefore propose the following mechanism for the behavioral advantage when reacting to a congruently lateralized visual stimulus. Spatial properties (such as location) of the cue are first captured by activation of the contralateral visual cortex, in particular V5. This information is then forwarded in a bottom-up driven fashion to the IPS (hIP3) on the same hemisphere, resulting in an automated reorientation of spatial attention toward the side of the cue. Based on the connections of the IPS (hIP3) with the PMC, the latter region is also activated in a feedforward manner. Hereby preparation and initiation of motor response to the side of the cue should be facilitated, resulting in shorter reaction times.
A somehow unexpected finding might be the extreme lateralization of the bottom-up effects observed in our experiment. Despite the well-established contralateral bias in the voluminous nonhuman primate literature most neuroimaging studies in humans reported only weak lateralization effects for saccades as well as visually guided pointing (Connolly et al. 2005 (Connolly et al. , 2007 ; Curtis and Connolly 2008). Although it is difficult to explain why other fMRI studies did not observe this welldocumented effect in the nonhuman primate literature, our experimental design might have had a few advantages that allowed us to find lateralized bottom-up effects with fMRI. First, we used a very simple paradigm consisting of only four conditions with a long scanning time, allowing us to present 126 individual events for each condition. Since we additionally used a relatively high number of subjects (24) compared with previous fMRI studies, we would speculate that potentially the statistical power was higher in the present experiment. Moreover, when looking for left-side-specific bottom-up processes, we contrasted neural responses to left-sided stimuli independent of the motor response with congruent responses for right-sided stimuli (and vice versa). Thereby, weak activation in ipsilateral dPMC may have been eliminated due to subtracting with congruent responses for the other side.
TOP-DOWN PROCESSES. Generalized top-down effects independent of direction. The incongruent condition requires inhibition of the automatic tendency to react toward the target stimulus (based on the bottom-up-driven processes outlined earlier) as well as a top-down-modulated spatial reorienting toward the opposite side and an initiation of the response with the contralateral hand. These processes were associated with increased activity bilaterally in IPS, dPMC/FEF and anterior insula, the medial pre-SMA, and right-lateralized activations in the temporoparietal junction (TPJ) and dorsolateral prefrontal cortex (DLPFC). We would thus conclude that these regions form key nodes of the response inhibition and reorientation network. Our experimental design, however, does not allow a clear differentiation between these different subprocesses that take place in the incongruent condition. Thus we will take the indirect approach of comparing our activations with those reported in previous experiments focusing on the neural substrates of these individual processes. Hereby, we will cautiously give some possible suggestions about the functional roles of each region and potential interactions among them.
Our results are in good agreement with comparable studies investigating spatial response selection for hand movements. In most of these studies, stimulus-response compatibility was varied across blocks by requiring participants to make either a compatible or incompatible keypress to the cued location (e.g., Iacoboni et al. 1996) . Moreover, some of them varied the difficulty of response selection by manipulating the number of possible stimulus locations (Dassonville et al. 2001; Schumacher et al. 2003 Schumacher et al. , 2007 . These studies have shown consistent activation in the frontoparietal network when contrasting incongruent with congruent conditions. In particular, the parietal cortex (superior parietal cortex extending into the IPS) has been proposed to be associated with the coordination of the visual information, whereas the dPMC has been proposed to take part in the response-selection process of the accurate motor response (Nee et al. 2007; Schumacher et al. 2003) .
In our experiment, we found substantial overlap between activations in the dorsal frontoparietal network associated with stimulus-evoked activity (bottom-up effects) and incongruent responding to stimuli independently of the cue localization (generalized top-down effects) (Fig. 5) . This indicates that within the IPS and the dPMC the same neuronal populations that are driven by automated bottom-up processes also increase their activation when the demand on spatial processing (as in the incongruent condition) increases. Further evidence for this FIG. 7. Overlay of stimulus-driven bottom-up processes for left-and right-sided stimuli (red) and top-down modulated differential reorienting for left and right incongruent responses (yellow) with the Anatomy toolbox revealed an anatomical dissociation of these processes. Stimulus-driven orienting toward stimulus side was associated with contralateral activation in medial posterior parts of the IPS (hIP3). In contrast, top-down modulated differential reorienting during incongruent left-and right-hand responses revealed activation in the most anterior part of the IPS (hIP2). Activations are shown on a P Ͻ 0.05 (cluster-level corrected) level. However, for better visualization of activation in left anterior IPS, differential reorienting during incongruent right-hand responses is shown on an uncorrected level (P Ͻ 0.005). Regions of the brain that are dark gray represent regions that, until now, have not been mapped using observer-independent cytoarchitectonic analysis (Schleicher et al. 2005). interpretation comes from visual search tasks in monkeys showing that neurons in the lateral intraparietal area and FEF do not only code for sensory bottom-up processes but are also modulated by top-down signals that are related to visual expectancy or goals (Colby et al. 1996; Thompson et al. 1997; Wolfe 1994) . Our study thus provides further support that the IPS and dPMC are fundamentally involved in processing spatial features of stimuli and responses in SRC tasks (Beurze et al. 2007; Schumacher et al. 2003 Schumacher et al. , 2007 . Depending on the task condition and the modulating influence of, e.g., the TPJ or DLPFC, the IPS and the dPMC might map visual stimuli with an accurate motor response in either an automatic (congruent) or top-down-modulated (incongruent) fashion, as already suggested by Corbetta et al. (2008) .
Beside activation in this attention network, bilateral anterior insula, right DLPFC, and medial pre-SMA were specifically associated with the increased cognitive control required in the incongruent condition.
A key component in performing externally structured taskslike those presented in virtually every neuroimaging experiment-is the ability to adopt what is termed "task sets," containing sensory processing pathways, cognitive categorizations, stimulus-response associations, and motor outputs, i.e., the knowledge of "what to do" (Meiran 1996) . The anterior insula has recently been proposed to be a central part of the human brain network responsible for the initiation and maintenance of such goal-directed task sets (Dosenbach et al. 2006 ). This view also aligns well with the hypothesis of Corbetta and collegues (2008) that the anterior insula may represent the source of top-down signals restricting activation of, e.g., the TPJ to behaviorally (in the light of the current task set) relevant stimuli. We would therefore propose that observed activation of the anterior insula reflects the more complex instruction, and thus task set, to be maintained in the incongruent-response task. The insula may then act as a modulator to other regions like the DLPFC and the TPJ sustaining specific processes in the execution of this task set.
The (right) dorsolateral prefrontal cortex on the other hand has repeatedly been proposed to play an important role in monitoring and voluntary controlling of the motor system (Shallice 2004; Vogt et al. 2007) . Supporting this view, activation of the dorsolateral prefrontal cortex has also been consistently reported in SRC-related paradigms, in particular during antisaccade generation (Desouza et al. 2003; Ettinger et al. 2005 Ettinger et al. , 2008 Ford et al. 2005; McDowell et al. 2002) . In this context, the DLPFC has been proposed to be associated with the successful suppression of the stimulus-driven automatic reaction to shift attention and fixation in the opposite direction. The involvement of the right DLPFC in action inhibition, however, is not limited to tasks requiring a spatial reorientation. In a recent study investigating a stop-signal and a go/no-go task within the same subjects, the right DLPFC was demonstrated to be the only region commonly activated in both tasks and, furthermore, showed a correlation with behavioral performance (Zheng et al. 2008) . We would thus propose that the observed activation of the DLPFC reflects the inhibition of the stimulus-driven tendency to react with the ipsilateral hand in favor of the required, voluntarily executed, contralateral response.
Likewise, the pre-SMA has also been proposed to play an important role in the executive control of motor behavior (Cunnington et al. 2002 (Cunnington et al. , 2005 . This includes inhibiting responses, switching between task rules, or linking stimuli to changing responses (Cunnington et al. 2003; Garavan et al. 2003; Nachev et al. 2007 Nachev et al. , 2008 Paus 2001; Rushworth et al. 2002; Simmonds et al. 2008; Swainson et al. 2003; Wager et al. 2004 ). In line with this view, recent electropysiological recordings in nonhuman primates showed selectivity of pre-SMA activity when the animal had to switch from an automatic to a controlled response (Isoda and Hikosaka 2007) . For interpretation of the current data, we would follow this view rendering the pre-SMA the effector of the inhibitory control established by the DPLFC.
A remarkable concordance may be noted in the activation patterns related to SRC and antisaccade paradigms, which underlines the close resemblance of the neurophysiological processes underlying the bottom-up and top-down control of hand and eye movements (Astafiev et al. 2003; Connolly et al. 2000) . In particular, there is a large body of human neuroimaging literature and electrophysiological recordings in nonhuman primates demonstrating the engagement of a dorsal frontoparietal attention network (IPS and FEF/dPMC) in the initiation of antisaccadic incongruent actions (Munoz and Everling 2004; Pierrot-Deseilligny et al. 2001) . In this context, the IPS, especially the lateral intraparietal area (LIP), has been proposed to form the interface between sensory and motor processing, whereas the FEFs have a crucial role in the performing of voluntary saccades (Dias and Segraves 1999; Gaymard et al. 1999; Rivaud et al. 1994 ). Given the current knowledge on the neuronal correlates of voluntary hand actions (Chouinard and Paus 2003; Wise et al. 1997) , we would interpret the observed activations in the IPS and the dPMC in the same fashion. Furthermore, the DLPFC has been assumed to support the suppression of automatic, reflexive responses, whereas the SEF may play a key role in implementing control when there is conflict between several competing saccadic responses (Coe et al. 2002 Stuphorn et al. 2000 . As detailed earlier, the DLPFC may hold a similar role in the control of lateralized hand movements, whereas the pre-SMA should be equivalent in function to the SEF.
Directionally specific effects. Directionality-specific reorientation of attention in the incongruent condition evoked lateralized activation in the most anterior part of the IPS (hIP2). Comparison with activation for stimulus-driven bottom-up effects and cytoarchitectonic probability maps then revealed an anatomic dissociation between both processes (Fig. 7) . This distinction is in line with the current view of the primate IPS, where its posterior parts receive projections from several visual areas and are associated with visuospatial information processing (Bisley and Goldberg 2003; Blatt et al. 1990 ). They are therefore postulated to sustain overt and covert shifts of visuospatial attention (Nobre 2001). In contrast, its more anterior parts project mainly to premotor areas and are associated with sensorimotor processing (Matelli et al. 1986; Murata et al. 2000; Rizzolatti et al. 1998) . Consequently, more anterior regions within the IPS are conceptualized to be more closely linked to action planning and are therefore involved in the reorienting of motor attention (Rushworth et al. 2003) .
Our observation of bottom-up-driven activation of the posterior IPS, i.e., area hIP3, and top-down modulation of the more anterior area hIP2 thus corresponds to the distinction between visuospatial and motor-related dominance of, respectively, the posterior and anterior IPS.
Conclusions
We used fMRI to investgate stimulus-driven bottom-up and task-dependent top-down modulation of attentional reorienting in a spatial SRC task.
We propose that stimulus-driven activation of contralateral IPS (hIP3) and, consecutively, the dPMC should represent key neuronal substrates for the behavioral advantage observed when subjects had to react toward a congruently lateralized stimulus. In contrast, incongruent responses involved inhibition of this stimulus-associated priming and executing the appropriate (contralateral) motor response. These processes are sustained by the anterior insula (task-set maintenance), the right DPLFC (inhibition), the TPJ (integration of task-set and sensory input), and the pre-SMA (volitional initiation of movement). Overlap of activation associated with stimulus-evoked activity independent of the task set and incongruent responding to stimuli independently of the cue localization in the IPS and the dPMC highlight the role of these two regions in integrating information about spatial stimuli with an appropriate motor response.
Additionally, in line with the current view of a functional differentiation of the IPS, bottom-up and top-down directionalityspecific reorienting could be anatomically and functionally dissociated in the IPS. Whereas stimulus-driven orienting of visuospatial attention evoked activation in area hIP3 of the IPS, taskdependent differential reorienting of motor attention resulted in activation of the most anterior part of the IPS (hIP2). 
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